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Introduction
L-type calcium channels (LTCCs) are voltage-gated calcium channels (VGCCs) playing an important role in various physiological processes (Zamponi et al., 2015) . These processes involve modulation of Ca 2+ -dependent enzymes and channels, gene transcription and neurotransmitter release, with the latter linked to Ca 2+ nanodomains that can be carried by even a single LTCC (reviewed in Stanley, 2016) . LTCCs are composed of up to four different subunits. A pore-forming α 1 subunit (Ca V 1.1-Ca V 1.4), an α 2 δ-subunit (α 2 δ 1-4 ), a cytosolic β-subunit (Ca V β 1-4 ) and in some tissues a γ-subunit (γ 1-8 ) (Catterall, 2005; Hofmann et al., 2014) . Various splice variants of each subunit further contribute to a large molecular diversity of LTCCs (e.g. Liao et al., 2009 ). Among other things, Ca V β subunits are of importance for LTCC activation and inactivation (Birnbaumer et al., 1998; Colecraft et al., 2002) . The sequence of Ca V β subunits is encoded by four genes (CACNB1-4), but due to differential splicing, multiple isoforms with differential effects exist (Buraei & Yang, 2010; Hullin et al., 2003; Birnbaumer et al., 1998) .
Ca V β subunits are linked to various diseases including cardiovascular disorders like heart failure (reviewed in: Matthes & Herzig, 2014) or neurological disturbances like autism spectrum disorder (reviewed in: Breitenkamp et al., 2015) . Autism spectrum disorder (ASD) is a complex neuro-developmental disorder with a prevalence of ~ 1% worldwide (Won et al., 2013) . It is presumed that 400 to 1000 different gene loci are linked to sporadic ASD (Ebert & Greenberg, 2013; O'Roak et al., 2011) , while regarding heritable forms of ASD 44 genomic regions and more than 100 susceptibility genes are known to be involved (Βetancur, 2011) . Among the various signaling pathways associated with ASD, calcium signaling is among the top three (Skafidas et al., 2014) . An important hint towards LTCCs being involved in the development of ASD was given by Splawski and colleagues who identified a single-point mutation in
The above-mentioned TS-mutant of Ca V 1.2 results in a significantly attenuated inactivation of Ca 2+ currents (Splawski et al., 2004) . Neuronal expression of this Ca V 1.2 mutation leads to dendrite retraction (Krey et al., 2013) . The effect was inhibited by Gem in a Ca V β-dependent manner, suggesting an effect by RGK proteins. Several Ca V β functions involve RGK proteins (Rem, Gem/kir, and Rad) as interaction partners (Kelly, 2005; Correl et al., 2008) . For example, RGK proteins have been reported to inhibit high-voltage activated VGCCs by distinct mechanisms including a reduction of the number of channels in the membrane and lowering (single) channel activity (Beguin et al., 2001; Beguin et al., 2007; Chen et al., 2005; Sasaki et al., 2005; Yang & Colecraft, 2013; Buraei et al., 2015) . Mice lacking Rad are prone to cardiomyopathy, underlying the putative pathophysiological role of RGK proteins (Chang et al., 2007) . In summary, the findings by Krey et al. and others suggest that in ASD both, Ca V β and RGK proteins may be important.
In a previous study, we identified missense mutations in the CACNB2 gene that were present in ASD patients but not controls (Breitenkamp et al., 2014) . When expressed in a recombinant system (HEK-293 cells), the mutations altered whole-cell Ba 2+ currents through LTCCs reminiscent of the TS-mutation of Ca V 1.2: compared to a wildtype Ca V β 2d the mutations p.G167S and p.S197F caused a decelerated and incomplete timedependent inactivation and tended to enhance current density. In individuals displaying ASD, Yuen et al. discovered an N-terminal de novo missense mutation of the Ca V β 2subunit (Yuen et al., 2015) . This mutation replaces valine with aspartic acid at position two of the CACNB2 gene (p.V2D) and is considered clinically relevant.
Given the electrophysiological similarities between the TS-mutant of Ca V 1.2 and ASDassociated Ca V β 2 mutations, the current study addresses the hypothesis that several Ca V β 2 -mutations associated with ASD show common features sensitizing LTCCs and/or enhancing currents. For the first time, the above-mentioned p.V2D mutant is functionally characterized using whole-cell and single-channel patch-clamp recordings. (Stanley 2016) . 2. (Dys-) Regulation of Ca 2+ channels can alter single-channel gating behavior while being rather subtle at the whole cell level (Beetz et al., 2009; Koval et al., 2010) . 3. Since Ca V β-subunit isoforms differ regarding their single-channel fingerprint (Colecraft et al., 2002; Hullin et al., 2007) , this might be true for mutations of Ca V β 2 , too. Furthermore, we analyzed the interplay of Gem and Ca V β 2 variants for two reasons: 1. The similar phenotype of ASD-related Ca V β 2 and TS-Ca V 1.2 mutations with Gem mediating effects on TS-Ca V 1.2 (Krey et al., 2013) , and 2. The known Gem-Ca V 1.2 interaction via Ca V β-dependent mechanisms (Puckerin et al., 2016) .
Material & Methods

DNA constructs and site-directed mutagenesis
For functional analysis, the mutation p.V2D was introduced in human Ca V β 2d (NM_201536.2) by site-directed mutagenesis (Stratagene QuikChange Kit) and verified by sequencing. EGFP was used as reporter gene, which was co-expressed together with the β2-subunit by the bicistronic pIRES2-EGFP vector (Clontech). V2D forward primer 5'-ccgctagcaccatggaccaaagggacatgtc-3'; V2D reverse primer 5'gacatgtccctttggtccatggtgctagcgg -3'. Since the N-termini of Ca V β 2 vary in sequence and length among the different splice variants (Ca V β 2a-e ) and this has been shown to impact LTCC modulation Miranda-Laferte et al., 2014) , we used a Ca V β 2d backbone as in our previous study (Breitenkamp et al., 2014) . For Co-Immunoprecipitation experiments a hemagglutinin (HA)-tag was introduced into the Cterminus of the different Ca V β 2 -variants and a Flag-tag was introduced at the Nterminus of Gem to specifically detect Ca V β 2 and Gem in Co-Immunoprecipitation experiments.
Cell culture and transfection
In brief, HEK-293 cells were grown in Petri dishes in Dulbecco's modified Eagle medium (Gibco Thermo Fisher, Waltham, MA, USA) supplemented with 10% FCS (Biochrom GmbH, Berlin Germany). Cells were routinely passaged twice a week and incubated at 37°C und 5% CO 2 growth conditions. tsA-201 cells were cultured at 37°C and 5% CO 2 in a 60mm diameter cell culture dish in 4 ml DMEM GLutaMax medium (Biochrom GmbH, Berlin Germany) with 10% FCS (Biochrom GmbH, Berlin HEK-293 and tsA-201 cells were transfected using standard calcium phosphate method.
For whole-cell and single-channel recordings, HEK-293 cells were transfected with a 1 : 0.5 : 1.5 ratio of Cav1.2 (α1c 77 ; Soldatov et al., 1995) , either human WT or mutant β2dsubunit and human α2δ1-subunit (Schleithoff et al., 1999) . For co-immunoprecipitation experiments, tsA-201 cells were transfected with a 1:2 ratio of either human WT or mutant β2d_HA-subunit and human Flag-Gem.
Co-immunoprecipitation and Western-blotting
The Gem and Ca V β 2d co-immunoprecipitation experiments were performed using tsA- 
according to Karmazinova and Lacinova (Karmazinova and Lacinova, 2010) . To obtain the timecourse of activation (τ act ) and inactivation (τ inact ) a first order exponential function was fitted to the current traces using Clampfit 10.3 (Molecular Devices, Sunnyvale, CA, USA). Voltage-dependence of inactivation (steady-state inactivation) was determined with a two-pulse protocol, a conditioning pulse (from -100 mV to +20 mV in 10 mV increments) for 5 s, followed by a second pulse to +10 mV for 125 ms. The relative magnitude of inward current at the second pulse was plotted as a function of voltage of the conditioning first pulse. Data were fitted to a Boltzman function to obtain halfmaximal inactivation (V0.5 inact ) and the slope factor of the voltage-dependence of inactivation.
Single-channel patch-clamp recordings
Single-channel recordings of EGFP-positive cells were conducted 48-72 hours after transfection. Currents through single LTCCs were obtained at room temperature (19-23°C (Buraei et al., 2015; Yang et al., 2012) . Depending on the β-subunit co-expressed, about 37-75% of the experiments exhibited no channel activity at all.
Analysis of single-channel recordings
Leak-and capacity currents were digitally subtracted using pClamp10 software analyzed. Time-dependent inactivation after 150 ms was calculated by taking the peak (I peak) near the beginning of the pulse (< 10 ms) of the ensemble average current and the remaining average current at the end of the test pulse (I 150 ). Ensemble average currents were calculated by
Multi-channel patches (i.e. patches containing more than one channel identified by stacked openings) were corrected for the number of channels in the patch .
Statistical analyses
Data are shown as pooled data of mean ± SEM of at least three individual transfections and were analyzed using Student's unpaired two-sided t-test for two groups or Fisher's 
Results
The N-terminal V2D mutation of CACNB2 increases whole-cell barium currents
As in our previous study with Ca V β 2 mutations (Breitenkamp et al., 2014) , we first analyzed whole-cell currents in the presence of the N-terminal Ca V β 2d_V2D mutation.
This revealed a similar trend towards an enhanced peak current density compared to the respective WT (Fig. 1a, c) . The voltage of half-maximal activation was significantly shifted to more negative values ( Fig. 1b ) and the time constant of activation (τ act ) was significantly lower at various test potentials for Ca V β 2d_V2D compared to Ca V β 2d_WT ( Fig.1d ). Time dependent inactivation behavior at 300 ms appeared to be reduced by Ca V β 2d_V2D , reaching statistical significance at a test potential of +10 mV (Fig. 2b ).
Steady-state inactivation revealed no differences between both constructs (not shown).
Taken together, co-expression of Ca V β 2d_V2D had functional consequences on Ca V 1.2mediated currents. In the following we aimed to further characterize functional effects of Ca V β 2d_V2D and the previously described mutants Ca V β 2d_G167S and Ca V β 2d_S197F on single-channel gating of Ca V 1.2.
All tested Ca V β 2d mutations increase activity of single Ca V 1.2 channels
Single-channel analyses revealed a significant increase in fraction of active sweeps (F active ) for Ca V β 2d_G167S and Ca V β 2d_S197F at +10 mV ( Fig. 3a, ba, bb) . Similarly, the open probability was numerically enhanced for Ca V β 2d_G167S and Ca V β 2d_S197F and the first latency was decreased (p<0.05 for Ca V β 2d_G167S ) (Tab. 1). None of these parameters was significantly altered when co-expressing Ca V β 2d_V2D . However, every Ca V β 2d mutation caused a statistically significant reduction of voltage-dependent inactivation at +20 mV ( Fig. 3ca-cc) , consistent with our previous whole-cell study on two of the three mutations (p.G167S and p.S197F) (Breitenkamp et al., 2014) . In summary, although affecting different parameters to a different extent, our data indicate that compared to a wildtype Ca V β 2d all Ca V β 2d mutants increase single Ca V 1.2 activity.
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Similar to the wildtype isoform, Ca V β 2d mutations bind to the RGK-protein Gem
Since the RGK-protein Gem has been shown to reduce VGCC activity in a Ca V βdependent manner, the enhanced single-channel activity we observed in the presence of Ca V β 2d mutations might be due to an impaired interaction with Gem. However, in coimmunoprecipitation experiments followed by immunoblots we found that all Ca V β 2d subunits tested interact with Gem ( Fig. 4) . Unexpectedly, we found a reduced Gem signal when blotting cell lysates for control in repeated experiments. Given the proteinprotein interaction of Ca V β 2d -mutants and Gem, we in the next step tested for the functional consequences in patch-clamp recordings.
Gem modulates Ba 2+ -currents through WT and mutated channel complexes
In agreement with the co-immunoprecipitation data, patch-clamp recordings indicated an interaction between Gem and the LTCC complexes. Gem led to a reduction of the peak current density regardless of the co-expressed Ca V β 2d subunit. However, the extent of this reduction was different depending on the respective Ca V β 2d (Fig. 5, 6a ,e, 7a,e).
While the reduction was most pronounced in the presence of Ca V β 2d_WT and Ca V β 2d_S197F, currents were rather slightly reduced in the presence of Ca V β 2d_G167S and Ca V β 2d_V2D . Of note, in the presence of either Ca V β 2d_G167S or Ca V β 2d_V2D , co-expression of Gem reduced the current density to values similar to those observed with Ca V β 2d_WT without co-expression of Gem.
We investigated the effects of Gem on the gating of single Ca V 1.2 in more detail to reveal the putative gating pattern underlying the observed reduction of whole-cell current density. In agreement with the drastically reduced peak current density, we found co-expression of Gem to cause a pronounced reduction of the fraction of active sweeps in the presence of Ca V β 2d_WT , although it was only slightly reduced in the presence of Ca V β 2d_S197F (Fig. 6b,f) . Regarding the mutations where Gem reduced whole-cell current density rather slightly, the RGK protein lowered the fraction of active sweeps drastically when co-expressed together with Ca V β 2d_G167S , while this parameter was only slightly decreased in the presence of Ca V β 2d_V2D (Fig. 7b,f ). There together with Ca V β 2d_S197F or Ca V β 2d_G167S , respectively (Fig. 6g, 7c ). No effect of Gem was seen when analyzing the open probability in the presence of Ca V β 2d_V2D (Fig. 7g ).
Seal statistics (i.e. fraction of technically appropriate patches containing no, one or ≥2 channels) indicated Gem co-expression to rather slightly affect expression density in the presence of Ca V β 2d_WT , Ca V β 2d_G167S or Ca V β 2d_S197F . With Ca V β 2d_V2D , however, there was no patch lacking channel activity under basal conditions while more than every fifth patch was empty when Gem was co-expressed (p<0.01). While first latency was rather unaffected when co-expressing Gem together with either Ca V β 2d_WT , Ca V β 2d_G167S
or Ca V β 2d_V2D , it was significantly prolonged in the presence of Ca V β 2d_S197F (Tab. 1).
Since in the presence of Gem ensemble average currents were too small, we were not able to perform a valid analysis of ensemble peak currents and thus inactivation behavior in the presence of Gem.
In summary, Gem had an effect on Ba 2+ currents in the presence of all investigated
Ca V β 2d -subunits. Of note, there were significant differences regarding the extent of current reduction and the effects on gating parameters, suggesting a kind of individual "fingerprint" of Gem interaction depending on the co-expressed Ca V β 2d subunit.
Discussion
Based on genomic studies, the Ca 2+ -signaling pathway is postulated to be among the "top three" pathways involved in the context of ASD (Skafidas et al., 2014) . Since the discovery of the Timothy Syndrome (TS) causing mutation p.G406R of the Ca V 1.2-pore forming subunit (Splawski et al., 2004) , several studies point to an important role of VGCCs in the context of ASD. Besides Ca V 1.2, mutations of several other calciumchannel pore subunits have been identified, e.g. Ca V 1.3 (CACNA1D), Ca V 1.4 (CACNA1F) and Ca V 3.2 (CACNA1H) (Pinggera et al., 2015; Limpitikul et al., 2016; Hemara-Wahanui et al., 2005; Splawski et al., 2006) . In a previous screening study, we identified two different point mutations (p.G167S, p.S197F) in the gene coding for Ca V β 2 subunits, all within highly conserved residues of the β-subunit (Breitenkamp et al., 2014) . Whole-cell patch clamp analysis of those mutations (p.G167S, p.S197F)
revealed an incomplete and decelerated current inactivation, reminiscent of that caused by the TS mutation of Ca V 1.2 (Splawski et al., 2004) . While TS-patients display rhythm J o u r n a l P r e -p r o o f disturbances, no cardiac phenotype has been reported for the Ca V β 2d variants we investigated. There are other mutations in CACNB2 associated with a cardiac phenotype, i.e. Brugada syndrome (Antzelevitch et al., 2007; Cordeiro et al., 2009 ). Of note, these mutations affect Ca V β 2b , the main heart transcript of Ca V β 2 , andin contrast to the Ca V β 2d mutations analyzed in the current studycause an accelerated inactivation of LTCCs, in terms of loss-of-function variants. In the current study, we address the hypothesis that several Ca V β 2 -mutations associated with ASD show common features sensitizing LTCCs and/or enhancing currents. Interaction with the RGK protein Gem was investigated as a Ca V β-dependent mechanism that might explain putative effects on calcium currents. Juxtaposing the effects on the whole-cell and single-channel level indicates that the analyzed Ca V β 2d mutations share an overall increased current (Tab. 2).
The finding of a particularly affected inactivation behavior similar to that observed with the TS-mutant of Ca V 1.2, suggests a common feature of ASD-associated mutations in Ca V β 2 subunits of LTCCs. Even though the effect on channel gating by the here described Ca V β 2 mutations is not as pronounced as that of the Ca V 1.2 TS-mutation, we believe this to be sufficient to imbalance Ca 2+ -signaling pathways, e.g. by increasing local Ca 2+ -levels and therefore affecting downstream signaling.
The N-terminus of the Ca V β subunits plays a major role in the voltage-dependent inactivation (VDI) of HVA VGCCs. Previous work of our group has shown that the length of the N-terminus has an impact on VDI Jangsangthong et al., 2010) , as has also been found for swapping of N-termini between different Ca V βisoforms (Qin et al., 1996; Stotz et al., 2004) . In agreement, we now find that the Nterminal mutation Ca V β 2d_V2D caused a reduced inactivation at both the whole-cell and the single-channel level. In line with our previous findings at the whole-cell level, Ca V β 2d_G167S and Ca V β 2d_S197F showed a significantly reduced inactivation in singlechannel recordings (Breitenkamp et al., 2014) . These mutations lie within the HOOK domain of the Ca V β 2 subunit, a domain as well known to modulate inactivation of VGCCs (He et al., 2007; Miranda-Laferte et al., 2012) . This effect has recently been linked to the domain's amino acid composition (Park et al., 2017) . By dividing the HOOK domain into polyacidic, polybasic and polyaromatic parts, the authors showed that the net charge as well as the particular amino-acid composition define inactivation properties of VGCCs containing Ca V 2.2. Thus, the exchange from a serine to a phenylalanine in the HOOK domain of Ca V β 2d_S197F might explain the altered J o u r n a l P r e -p r o o f Journal Pre-proof inactivation we observed at the whole-cell and the single-channel level (Breitenkamp et al., 2014 and this study) . The exchange of a glycine to a serine in the Ca V β 2d_G167S mutation introduces a putative new phosphorylation site possibly changing the HOOK domain's net charge. Furthermore, a change of inactivation of Ca V 1.2-mediated currents has recently been described for co-expression of phosphomimetic Ca V β 2 mutations (Brunet et al., 2015) .
Ca V β subunits not only serve as direct modulators of VGCC activity but also are important interaction partners for regulatory proteins like RGKs (Yang & Colecraft, 2013) . It has been shown that all RGKs interact with Ca V β subunits and this interaction was thought to be necessary for VGCC inhibition by RGKs (Beguin et al., 2001; Beguin et al., 2005; Chen et al., 2005; Finlin et al., 2003) . Two recent publications showed that the RGK proteins Rem and Rad, but not Gem furthermore can inhibit VGCCs by a mechanism independent of Ca V β binding (Puckerin et al., 2016; Puckerin et al., 2018) .
Our study shows that all Ca V β 2d mutants analyzed bind to Gem. Depending on the Gem (Puckerin et al., 2016; Puckerin et al., 2018) . Considering this and the similar electrophysiological phenotype (incomplete inactivation-behavior), it is tempting to speculate that ASD-associated Ca V β mutations may lead to a similar reduction of dendritic outgrow as seen with the TS-mutation, particularly if displaying an altered regulation by Gem (Ca V β 2_G167S & Ca V β 2_V2D ). Although the physiological effect in context of ASD has not yet been clarified, several studies point at the role of hyper-and under-connectivity in ASD-patients between different cortical regions (Herbert et al., 2003; Baron-Cohen & Belmonte, 2005; Just et al., 2007) . Accordingly, changes in dendritic morphology may contribute to these changes and it appears likely that the interaction between VGCC-Ca V β-Gem plays an important role. We think, that the different Gem effects shown here and by others promote the role of RGK-proteins as a potential treatment strategy in VGCC-associated diseases ("channelopathies") by J o u r n a l P r e -p r o o f Journal Pre-proof targeted RGK application based on the individual phenotype of affected patients (Murata et al., 2004; Xu et al., 2009) .
Other Ca V β-interaction partners of interest are BARP (β-anchoring and regulatory protein) and Rab3-interacting-molecules (RIM). BARP can form ternary complexes with Ca V 1 and Ca V β and inhibit channel activity without affecting cell surface expression of the pore (Béguin et al., 2014) . RIM1 and RIM3 can bind to Ca V β and thereby markedly suppress voltage-dependent inactivation (Kiyonaka et al., 2007; Uriu et al., 2010) . Of note, a RIM3 mutation was described to contribute to ASD pathology, as it displayed significantly reduced inactivation of currents carried by Ca V 2.1 but not Ca V 2.2 in comparison to the wildtype (Kumar et al., 2010; Takada et al., 2015) .
Some limitations of this study should be mentioned. We used Ba 2+ instead of Ca 2+ for the electrophysiological characterization of the Ca V β 2d variations mainly for two reasons. 1: For comparison with the previous study on two of the three mutations Flag-tagged Gem proteins were immunoprecipitated (IP) and bound Ca V β 2d protein was detected by Western-blot. Interaction between Ca V β 2d -subunits and Gem was confirmed by reciprocal immunoprecipitation. Cell lysates were blotted with HA-or Flag-antibody to verify Ca V β 2 and Gem expression, respectively. All experiments were repeated > three times. 
